The emission properties of a porous silicon layer placed in an optical microcavity is investigated by photoluminescence and time resolved photoluminescence measurements. The microcavity is formed by an all porous silicon Fabry-Perot filter made by two distributed Bragg reflectors separated by a h or h/2 porous silicon layer. Our main findings are that the spontaneous emission spectrum is drastically modified: the linewidth is narrowed, the time decay of the emission is shortened by a factor of about 2/3 at room temperature and the peak emission intensity is increased by a factor of more than 10. These facts are caused by the redistribution of the optical modes in the microcavity due to the presence of the optical resonator and to the variation of the dielectric environment.
INTRODUCTION
The observation of room temperature visible photoluminescence from porous silicon (PS) has renewed the interest of the scientific community in the field of all-silicon based photonics. [l] Soon light emitting devices based on PS appeared.
[2] However, some problems related to the PS physics emerged: low external quantum efficiency, wide emission band and long recombination lifetimes.
In 1995, we realized the first all PS optical planar microcavity (PSM) with the aim to address these draw-backs. [3] In fact, the PSM could be used to improve PS based devices by the use of Resonant Cavity Light Emitting Diodes. [4] A better spectral purity, an increase in the emission efficiency and a large directionality of the emitted light could be envisaged and have been demonstrated in the photoluminescence properties of PSM. [3] All PSM consist of' an active central layer embedded between a pair of distributed Bragg Reflectors (DBR's). [3] The mirrors act as a "1-D confiner" of the light spontaneously emitted from the central layer. [5] In a simple scheme, the spontaneous emission rate of a semiconductor (I') at T=O K is given by the Fermi golden rule
where cMeh> is the interaction hamiltonian matrix element between the initial and final electronic state and p(A@) is the photon mode density. If one modifies the photon mode density, e. g., by placing the active medium in an optical microcavity, the spontaneous emission rate is modified accordingly. [5] Indeed, in the PSM a narrowing in the emission lineshape of PS down to 3.7 run, [6] an increase in the peak emission efficiency up to 22 times and a directionality of the emission about a cone of 30" is actually achieved. [3] These facts are attributed to the spatial redistribution of the optical modes due to the planar microcavity. [5] An interest exists in verifying whether the time decay of the luminescence of PSM is changed with respect to that of a simple PS layer. This is the subject of the present paper. TABLE I. Summary of the time resolved luminescence measurements. The column labeled nc reports the measured refractive index of the layers at the central wavelength hc which is shown in the third CO~UIINL Iinteg refers to the normalized spectrally integrated luminescence intensity, I&) to the normalized peak emission intensity at the wavelength of the microcavity peak (h,), and z hc and phc to the parameters extracted from a stretched exponential fit of the luminescence decay at h, (for the reference DBR they are reported for the different hc of the various PSM). The PS 45% sample had a luminescence too weak to be detected by our system. An all PSM consists of a Fabry-Perot structure (two mirrors separated by a thin central layer), where the porosity of the different porous silicon layers are changed to obtain the desired refractive index profile. This is realized by an appropriate modulation of the anodization time and the current density during the electrochemical etch. [7, 8] A detailed discussion of the procedure to obtain the PSM has been already presented in [8] . In this work, we present data on various PSMs which differ only in the porosities and thicknesses of the central layer in order to obtain different refractive indexes ~1~ in the central layer. All the PSM were obtained by electrochemical anodization of 0.01 Qcm p-type doped Si-wafers with a 15% HF solution. They were formed by two distributed Bragg reflectors as mirrors (constituted by 12 periods of 62%-45% porosity layers, with optical thicknesses of h,/4) which sandwiched a central layer of optical thickness hc/2. h, is the wavelength of the Fabry-Perot resonance. In the following we label the PSM by adding to "PSM" the porosity of the central layer, i. e. "PSM 45%" means a microcavity sample with a central layer of 45% porosity. Porous silicon samples obtained with the same etching parameters (same porosity) as those used for the microcavity central layers constitute the reference PS. A distributed Bragg reflector was obtained by using the same etching parameters as the microcavity mirrors. Some characteristics of the samples are presented in Table I .
The CW photoluminescence (PL) measurements were performed using the 488-nm line of an Argon ion laser, with an incident intensity of about 10 W/cm2. The PL was collected along the normal to the sample surface and dispersed with a 0.75-m double monochromator equipped with a GaAs photomultiplier. Reflectivity measurements were carried out with a monochromatized 1000 W Xe lamp and were calibrated with respect to the known reflectance of an Al mirror. The time resolved PL measurements were accomplished by using a frequency-doubled mode-locked TiAl203 laser operated at a repetition rate of 4 KHz with an excitation wavelength of 410 nm, a peak power density of 500 W/cm2 and a pulse duration of 1.5 ps. A 0.2 m monochromator coupled to a streak camera was used to record the time resolved PL. Only the PL inside a cone of about 0.03 sterad about the sample normal was collected.
CW AND TIME RESOLVED LUMINESCENCE
The reflectivity spectrum of the reference DBR is shown in Fig. 1 top panel. A region of high reflectivity (stop band) is present in the spectral range 680-820 nm about the central wavelength h, =720 nm. The insertion of a central layer Xc/2 thick in the middle of two symmetric DBR, as for the PSM, causes the appearance in the reflectivity spectrum of a dip at h,, which corresponds to the microcavity optical resonance. The increased transmittance for h, 'is a manifestation of the propagating optical mode through the microcavity. The optical modes for h;?th, are not propagating and thus are reflected. This represents the two-dimensional confinement of the photons inside the microcavity. [5] Let us note that these samples are not fully optimized with respect to the etching parameters and, hence, the linewidth of the h, resonance is only reduced to 10 nm. Optimized samples yield linewidths as narrow as 3.7 nm. [6] The PL spectra of these samples are shown in Fig. 2 and compared with those of the reference PS samples. A summary of the PL results is also reported in Table I .
One can notice that the presence of the microcavity modifies the emission properties of PS both with respect to the emission intensity and the lineshape. A sharp emission peak instead of a wide emission band is present in the PL of the PSM. This peak is caused by the resonant coupling at h, of the excitons, photo-excited in the central layer, with the two-dimensional confined photons. [S] In the case of perfect photon confinement, i. e. ideal mirrors, the photon emission will be only allowed at h,. However, dielectric porous silicon microcavities are characterized by the fact that: 1) the photon mode penetrates into the DBR, 2) the emission spectrum is wider than the photon resonance, 3) the reflectivity in the stop band is not lOO%, and 4) the mirrors have a luminescence emission which is overlapping the emission of the central layer (see top panel in Fig 2) . All these facts cause the appearance of a weak emission for ?&& and of side bands (e. g. the peak at 620 nm).
[S] It is interesting to note that the enhancement in the luminescence is dependent on the refractive index value rzc of the central PSM layer. By increasing nc, an increase in the ratio of the peak intensity at h, of PSM with respect to reference PS is observed. Time resolved measurements have been also performed. An example of the luminescence decay at h, is shown in Fig. 3 for a PSM and reference PS. The luminescence decays faster for the PSM than for the reference PS. As is already known, [9] the observed decay is not exponential but it has a stretched exponential lineshape:
A least-square fit of the luminescence decay with the stretched exponential lineshape yields the z and p parameters reported in Table I . For simplicity, in the following we will concentrate only on the z values. In general, the luminescence of the PSM decays faster than that of the PS for X=X,. The ratio between the T of the PSM and that of the reference PS increases as y1c increases. A more detailed study of the time resolved luminescence of PSM samples will be presented elsewhere.
DISCUSSION
The theoretical treatment of the coupling of the excitonic transition with the optical mode inside a microcavity has been reviewed in [5] . It has been shown that dielectric microcavities differ from ideal or metallic microcavities for the finite reflection angle and the penetration of the optical mode into the dielectric mirrors. As a consequence in a planar dielectric microcavity the spontaneous emission rate is slightly modified and what one observes is the redistribution of the emission in space. This explains the modified CW luminescence lineshapes. In addition, it is also observed that the variation in the emission lifetime will be of the order of unity in a dielectric microcavity and mostly of the variations are due to the change of the local dielectric environment.
In fact, the spontaneous emission rate for a bulk material I( Ao ) is proportional to the photon mode density p( A@ ), where
and n is the refractive index of the material. In a PSM, the optical mode coupled to the excitonic transition extends into the DBR. Consequently, the refractive index entering into Eq. 3 is not the one of the central porous layer reported in Table I , but an effective index ( neE) averaged over the volume where the optical mode extends, i. e. over the central layer and part of the DBR.
In [lo] , the penetration length (! ) of the optical mode in a dielectric mirror has been calculated: $_ h, 4 (l+a*p"-')(l-p") 4n, 1-p (1+q2a*p*"'-2) (4) where q=nclnL, p=n&z~, a=nH/nair or Itn/nsi depending on whether one considers the top or the bottom DBR, nL and Itn are the refractive indexes of the high and low porosity layers of the DBR and m is their number. Hence, neR is 'DBR ('air +eSz)+hc/2 II (5) where the effective refractive index ~DBR of the DBR is the spatial average between nL and nn. Results of the calculation of neff are given in Table II. According to Eq. (3), the different lifetimes measured for the PSM and for the reference PS should fit a cubic law dependence on the refractive index. This trend is shown in Fig. 4 where the inverse of the measured lifetimes are reported as a function of the refractive index. A power law fit of the experimental data with l/z plicity of the model, the agreement is satisfactory.
= na gives cX=3.5&0.8. In view of the sim-
CONCLUSIONS
The use of microcavities has been shown to modify both the luminescence lineshape and the luminescence decay rates of porous silicon. In view of the novelty of the PSM, many aspects of their physics need to be clarified still, but some interesting features have emerged in this study. In particular, the role of the local dielectric environment in determining the actual recombination rates of excitons have been established in porous silicon microcavities.
